A modified technique which has facilitated the detection of phloem necrosis in leaf-roll-infected potato plants is described. Placed on a quantitative basis, the necrotic reaction has proved valuable in the estimation of leaf-roll severity in varieties and hybrids. Quantitatively, phloem necrosis has been shown to be tl varietal character which can be influenced by nutritional and environmental conditions. Among varieties and hybrids, a range of necrotic reactions in the phloem from mild to very severe was found, and these reactions were correlated with external symptoms. Severe reactors show a progressive decrease in the amount of phloem necrosis from the stem base to the tip. It is probable that a severe physiological reaction to leaf roll has a well-defined genetic basis, so that the development of hybrids hypersensitive to this virus is possible. This provides a new approach to the problem of leaf-roll resistance in the potato.
I. INTRODUCTION
Depending on variety and growth conditions, the leaf-roll virus can reduce the yield of potato plants by 30 to 90 per cent. (Loughnane 1941; Le Clerg et al. 1944; Bald, Norris, and Helson 1946) . Varietal reactions to this virus differ considerably and vary from relatively tolerant, as with Up to Date, through intermediate reactions to severe, as with President. Loughnane ( 1941 ) , Clinch, Loughnane, and McKay (1944) , Black and Cockerham (1943) , Whitehead, McIntosh, and Findlay (1945) , and Oortwijn Botjes (1947) have grouped common potato varieties according to their reactions to the leaf-roll virus, the extent of yield decrease being closely correlated with severity of reaction. Masking of leaf-roll symptoms can occur in varieties with tolerant and intermediate reactions when environmental conditions are conducive to vigorous haulm development, as on rich soils in a mild moist climate. These conditions rarely cause masking of symptoms in varieties which react severely to the leaf-roll virus. In districts where hot dry periods occur during the season, growth of potato plants is reduced and leaf rolling due to physiological stress is common, so that in these environments diagnosis of virus leaf roll can be difficult. The factors which affect the expression of leaf-roll symptoms in potato varieties have recently been studied by Felton (1948) , who found that certain combinations of temperature, moisture, and soil fertility may delay the appearance or mask symptoms due to the leaf-roll virus.
Of the four major potato viruses, leaf roll is now the most important in Australia. The existence of material with hereditary factors for resistance to viruses A, X, and Y (Cockerham 1943b; Cockerham and M'Ghee 1947; Hutton 1948) makes it possible to eliminate these viruses by genetic means. As yet no material with a well-defined hereditary resistance to the leaf-roll virus has been found. Muller (1939) produced leaf-roIl-tolerant potato seedlings but was unable to develop resistant types. Several genes acting cumulatively for resistance to the leaf-roll virus were found in certain cultivated varieties by Cockerham ( 1943a ) . These factors were concentrated by inbreeding but were lost in outbreeding. In the United States, Stevenson, Folsom, and Dykstra (1943) , Folsom' and Stevenson (1946) , and Locke (1948) failed to find leaf-roll immunity but showed that under field conditions some varieties and their progenies become less readily infected than others. Locke (1948) considered that the basis for field resistance was to be sought among the factors affecting the complex relationships between virus, host, vector, and environment. McKay and Clinch (1944) and Bald, Norris, and Helson (1946) demonstrated in theyarieties Skerry Champion and Bismark respectively, a severe reaction to leaf roll resulting in high field resistance to this virus. The resistance problem is complicated by the nature of the leaf-roll virus, which differs from the other three major potato viruses in being non-sap-transmissible, serologically inactive (Chester 1937) , persistent in aphid vectors (Smith 1931) , and apparently confined to the phloem region (Bennett 1940 ).
The present paper records the results of a study in the greenhouse and field of the leaf-roll reactions of potato varieties and their seedlings. It is only by an understanding of these reactions that a basis for development of leaf-roIl-resistant seedlings can be formulated.
II. MATERIALS AND METHODS
(a) Potato Vari~ies Used A collection of old and modem varieties of. potatoes from Australian and overseas sources was maintained free of all viruses except X, although it was possible to maintain some of the varieties in a virus-free condition. The varieties, and hybrids derived from a few of them, were used to study plant reactions to the leaf-roll virus in the greenhouse and field.
(b) Inoculation Technique
Sprout inoculation with the aphid species M yzus persicae proved to be the most satisfactory transmission method for studying current season reactions to the leaf-roll virus in potato material, as the early infection allowed full development of symptoms during growth. The procedure in sprout inoculation was to allow individuals of Myzus persicae a seven-day feeding period on leaf-rollinfected potato plants after which these aphids were transferred to sprouted setts, 10-12 aphids being placed on each sprout. After a seven-day feeding period on the sprouts, the aphids were killed with nicotine sulphate fumigation and the NECROTIC REACTION IN POTATO TO LEAF-ROLL VIRUS 251 potato setts planted. All sprout inoculations described were made from the same leaf-roll source, which was a Katahdin line containing this virus, but free from other viruses. This line was propagated from year to year under insect-free greenhouse conditions and always had well-defined leaf-roll symptoms. Above-ground Growth. of Varieties in the Field The effect of leaf roll on the above-ground growth of. varieties in the field was estimated by comparing the size of plants (Bald 1943) produced from equal numbers of sprout inoculated and healthy setts of each variety planted separately in alternate rows. A unit' plot contained 12 to 18 plants, every fifth plot being planted with inoculated or healthy setts of the variety Factor, depending on whether the row was planted with infected or healthy setts. During the' season, owing to natural aphid transmission, leaf-roll infection occurred in varying proportions of the plants from healthy setts. It was usually after flowering that natural infections affected plant growth, so size ratings were made at three 14-day intervals from emergence until flowering. When rating a group of plants, a visua1 size estimate of a large plant was made and the total leaf area with its true size rating was calculated by measuring each leaf with photographic leaf standards. This procedure was then repeated with five other plants ranging in size down to the smallest. If the estimated and true size ratings were in close agreement each plant in the block was given a size rating, six plants being checked at the' finish from the standards to ensure that the ratings were made accurately.
(c) Estimation of the Effect of Leaf Roll on the

( d) Staining Technique for Detection and Estimation of the Severity of Leaf-Roll
"..., Infection Owing to varying climatic factors it was difficult to determine in the field whether a plant was infected with leaf roll or not, and masking of symptoms frequently occurred in the greenhouse, particularly in the more tolerant reactors. To test for the presence of leaf roll in all doubtful plants from both field and greenhouse experiments would involve considerable time and greenhouse space. The lack of a qu!ck arid accurate method of leaf-roll detection has retarded leafroll research for some time. It was found that the technique developed by Sheffield (1943) and improved by Wilson (1948) for the diagnosis of leaf roll from the occurrence of necrotic areas in the external or internal primary phloem of basal stem sections was a valuable aid in leaf-roll experiments. The main .disadvantages of this improved technique were the irritation to the operator and the corrosion to the microscope resulting from hydrochloric acid fumes. It was found (Hutton 1948 ) that a combination of 40 per cent. sulphuric acid (v Iv) and 2 per cent. phloroglucinol (w Iv) in 50 per cent. alcohol (v Iv) gave satisfactory results without objectionable fumes. A comparison between the hydrochloric acid and sulphuric acid methods with a series of sections from leaf-rollinfected plants showed that the latter, although it did not bleach the chlorophyll of fresh sections like hydrochloric acid, gave a brighter and'more distinct staining as well as more consistent results. Leaf roll could be' detected in over three-quarters of the plants in which diagnosis was doubtful. The extent to which the external primary phloem was stained in infected plants varied from variety to variety and from sample to sample within a variety. To make comparisons between samples a method was developed for estimating the percentage of the external primary phloem region affected in hand-cut transverse stem sections vi~wed at a magnification of 110 diameters through the microscope. In welldeveloped stems, the external primary phloem could be distinguished as a continuous band of tissue bounded by scattered pericyclic fibres on the outside and by a dense layer of secondary phloem on the inside. In young or poorly-developed stems it was clearly defined only in the vascular bundles. Consequently the estimations were based on the proportion of stained tissue appearing in the external primary phloem region of the original vascular bundles. Estimates were made on a percentage basis to the nearest 5 per cent., the method being checked by means of a graticule placed in the eye-piece of the microscope. A 12-inch circle ruled with indian ink into squares by lines 0.1 in. apart was photographed and then· reduced to a l-cm. circle as the positive, the negative being developed as the graticule. The percentages of the external primary phloem region stained in several lots of 24 stem sections from infected plants were estimated and then checked with the graticule. It was apparent that the error of a subjective estimate had a maximum at 50 per cent. necrosis, the standard deviation at this point being of the order of 5 per cent., so that 95 per cent. of such estimates lay between 40 and 60 per cent. The standard error at other levels of necrosis is approximately l/lOyp(1()()-p) where p is the percentage of necrosis. The accuracy of the estimation method for phloem necrosis can be checked from time to time by means of the graticule.
In all sections examined, the extent to which the internal primary phloem was affected was noted but no attempt was made to estimate the percentage of necrosis occurring in this region. Instead, necrosis of the internal primary phloem was described in one of the four categories, absent, light, medium, or heavy.
III. PHLOEM NECROSIS IN LEAF-ROLL-INFECTED POTATO VARIETIES AND HYBRIDS
The nature and occurrence of phloem necrosis in leaf-rolf-affected potato plants have been described by Artschwager (1923) , Quanjer (1931) , Bawden ( 1932) , and Sheffield (1943) . The reaction is usually well defined and quite distinct from top necrosis (Bawden 1932) , virus Y (Hutton 1948 ) and potato rosette (Hutton and Oldaker 1949) . Sheffield's studies (1943) indicated the possibility of varietal differences in the amount of phloem necrosis. She also found that necrotic tissue could occur in either the external or the internal primary phloem or in both, but was at its maximum in the basal node at ground level and could extend vertically through the plant, the amount of necrosis being correlated with the severity of external symptoms.
The results of the above investigations show conclusively that primary phloem necrosis has high diagnostic significance. Large-scale work at Canberra has confirmed this in general, but it has been found that leaf roll can occur without phloem necrosis being evident.
( a) Phloem Necrosis as a Varietal Character
In the 1946-47 season two series of potato varieties were planted at the Dickson Experiment Station, Canberra. The first series contained 10 setts of each of 54 varieties which were sprout inoculated just prior to planting. The second series comprised 12 setts of each of 20 varieties, different from those in the first series, which had been sprout inoculated before planting the previous season, and so had been infected with leaf roll for twelve months. Each sett in the second series represented one plant grown previously. In both series every fifth plot was a check plot of the variety Factor.
A week after flowering in the 1946-47 season, pieces of stem consisting of the three basal nodes were cut from each plant and stored in a 50 per cent. (v Iv) solution of alcohol and water. Transverse stem sections from the basal node were later examined by the phloroglucinol-sulphuric acid technique and the percentage of necrotic external primary phloem was estimated. With the 54 varieties of the first series all but Arran Signet, Field Marshal, Pink Eye, Red Maclure, and Rural New Yorker had varying numbers of plants without necrosis. Over all the varieties, with the exceptions mentioned, 43.3 per cent. of the plants had no phloem necrosis. When these non-necrotic plants were disregarded, the plants in 55 per cent. of the varieties had amounts of necrotic tissue in the external primary phloem within 10 per cent. of the mean. The rest of the varieties showed considerable plant-to-plant variation in the extent of phloem necrosis. These points are illustrated by the four varieties shown in Table 1 . The 12 Factor check plots had much the same plant-to-plant variation as the Factor in Table 1 . In contrast to these results of the first series, plant variability with respect to phloem necrosis within the varieties of the second series, infected with leaf roll a season before planting, was greatly reduced. This was also reflected in the plants of the Factor check plots. Among the second series, except in varieties with a mild phloem reaction, there were very few plants with no necrosis or with amounts of necrosis differing by more than 10 per cent. from the mean. These results indicate that the leaf-roll virus is one which takes some time to reach equilibrium with its host. This may be due to the restriction of its vital activities to the phloem region. Statistical analysis of the data from the second series showed significant varietal differences in the amount of necrotic tissue present in the external primary phloem. Table 2 lists the varieties in order of the mean percentage of the external primary phloem region affected as a result of leaf-roll infection. It is apparent from the results shown in Table 2 that under the condi- tions of this experiment sensitivity 'of the primary phloem, as measured by the extent of necrosis, is a varietal factor. These results provide concrete evidence for Sheffield's (1943) suggestion that varietal differences in the amount of phloem necrosis may occur. Plate 1, Figure 1 , is a photomicrograph of a section from the base of the stem of a leaf-roIl-infected Katahdin plant showing the stained areas in the external primary phloem. It is interesting to note that varieties like President, Snowflake, and Late Carman, which rarely exhibit masking of leaf-roll symptoms in field crops, had half or more of the external primary phloem area necrosed in infected plants. On the other hand, Brownell and Factor, which frequently show masking of leaf-roll symptoms, had one-fifth or less of the external primary phloem affected. On this basis, masking of symptoms could be expected to occur at times in varieties like Sebago, Sequoia, and Delaware, and field experience has borne this out. The general conclusion to be drawn from the work described is that, in order to obtain reliable data on varietal differences in the incidence of phloem necrosis, one must use potato material which has been infected with leaf roll for a growing season before planting. The longer infection period appears to allow the virus time to attain equilibrium with its host.
(b) The Influence of Environmental Conditions and Time of Sampling on the
Incidence of Phloem Necrosis A further experiment has also shown the necessity of taking environmental conditions into account when considering the incidence and intensity of phloem necrosis. A small greenhouse experiment with 5 setts from the same tubers as used for 12 of the varieties shown in Table 2 and grown during the winter of 1947 gave the results tabulated in Table 3 . The results in Table 3 compared with those in Table 2 show that the percentage of necrosis in the external primary phloem of a potato variety is influenced by environmental conditions, although it is possible, as with Kasota and Brownell, for it to remain constant. In eight of the varieties in Table 3 the amount of necrosis has decreased when compared with Table 2 , the reduction varying from as much as 20 per cent. in Sebago to as little as 6 per cent. in Factor. With Katahdin and Late Carman there was an increase in the percentage of necrosis. These variations between field and greenhouse material may be due to the more irregular phloem development and smaller stem diameter of the latter. The same kind of variation could be expected from samples of a variety grown in different districts. The fact that phloem necrosis is influenced by environmental conditions does not, however, detract from the value of the observation that variety is one of the major factors governing this reaction. Tables 2 and 3 the inference was drawn that there was a tendency for the better soil and moisture relationships in the greenhouse to result in a decrease in the amount of phloem necrosis in leaf-roIl-infected varieties. To test this, lines of the varieties Bismark, Brownell, Delaware, Factor, President, and Snowflake which had been infected with leaf roll for four seasons were selected. These lines were infected with virus X but were free from viruses A and Y. Ten tubers of each of these lines were planted in the greenhouse during the winter. One half of each tuber was planted in a pot of washed river sand and the other half in a pot of rich loam. Ten weeks after emergence, when tuberization was advanced, the height of each plant was measured and the bases harvested and examined for the occurrence of phloem necrosis. Plate 1, Figure 2 , shows the comparison between the plants from two halves of one of the Bismark tubers grown in sand and soil respectively.
(c) The Effect of Nutritional Conditions on the Extent of Phloem Necrosis in Six Leaf-roll-infected Varieties From the results in
The results are given in Table 4 . As would be expected, growth measured as mean height in inches is significantly less in sand. than in loam. Leaf-roll symptoms were obvious in the sand series but in the loam series they were indeterminate or masked in the varieties. Bismark, Brownell, Delaware, and Factor. The only two varieties with well-defined leaf-roll symptoms in loam were President and Snowflake. These results are interesting as they show that nutritional conditions can affect the expression of leaf-roll symptoms, and that Bismark is able to react tolerantly to leaf roll like Factor in loam, and sensitively like President in sand. When the percentage necrosis in the external primary phloem area is considered, it can be seen from Table 4 that in loam most of the varieties are significantly different from each other, whereas in sand, necrosis is at a higher level, and with the exception of Bismark, differences between varieties are barely significant. The differences between sand and loam are small and non-significant in Bismark and President, but are significant in the other varieties, the greatest difference occurring in Delaware. These results make it clear that nutritional conditions are a factor along with variety in determining development of necrosis in the external primary phloem of leaf-roIl-infected potato plants.
(d) The Distribution of Phloem Necrosis in Stems of Leaf-roll-infected Plants of
Potato Hybrids and the Variety President To investigate the extent to which phloem necrosis spreads in the stems of leaf-roll-infected potato plants, 2 tubers from each of 12 President plants and 3 tubers from each of 22 hybrids, field grown at the Dickson Experiment Station from sprout-inoculated setts, were planted in the greenhouse during the winter. Six weeks from emergence, stems were harvested from each plant and the percentage necrosis in the external primary phloem estimated, sections being taken from the basal node, mid-stem, and tip.
The hybrids could be divided into two groups according to the amount of necrosis occurring in the external primary phloem. In the first group, containing 10 hybrids, phloem necrosis was either absent or present to the extent of 1 to 5 per cent. in the plants, with the occasional occurrence mainly in basal sections of a light necrosis of the internal primary phloem. Six of these hybrids were symptomless or liad indeterminate leaf-roll symptoms while the other four had well-defined symptoms. The six hybrids with masked symptoms when grown under summer conditions had obvious although not severe leaf-roll symptoms. It has been observed repeatedly that masking of leaf-roll symptoms occurs more often in the greenhouse under winter than under summer conditions, probably because of the shorter photoperiod and lower temperatures of winter.
The plants from the second group of 12 hybrids and 10 of the President lines had well-developed phloem necrosis. The other 2 President lines represented by 4 plants averaged only 1 per cent. necrosis of the external primary phloem and had a light necrosis of the internal primary phloem. All the President plants had definite leaf-roll symptoms. Table 5 summarizes the results from the second group of hybrids and the 20 President plants with well-developed phloem necrosis. Table 5 shows clearly that in plants with well-developed phloem necrosis there is a gradation in the amount of necrosis from the base to the tip, the occurrence of necrosis of the internal primary phloem following much the same pattern. These results are in agreement with Sheffield's (1943) observation that phloem necrosis is usually at a maximum in the basal nodes of infected plants. There were a few cases among the hybrids of plants with a higher percentage of necrosis in mid-stem sections than in basal sections.
Of the group of 12 hybrids shown in Table 5 , half exhibited masking of leaf-roll symptoms, none of these plants having more than 30 per cent. of the external primary phloem affected. Among the rest of the hybrids in group 2, all of which had definite leaf-roll symptoms, four had greater than 50 per cent. necrosis and two had 15 per cent. and 30 per cent. necrosis respectively in the external primary phloem.
It is apparent that although there is a correlation between the severity of leaf-roll symptoms and the extent of phloem necrosis, this correlation does not always hold, as it is possible to have relatively severe external symptoms together with a low level of phloem necrosis.
IV. THE EFFECT OF THE LEAJo'-ROLL VIRUS ON THE FIELD GROWTH OF POTATO
VARIETIES
All measurements of the effect of leaf roll on the field growth of potato varieties were made at the Dickson Experiment Station, Canberra. Here potato plots received irrigation as required so that growth was satisfactory and comparable with the better crops grown in the Southern Highlar:ds of New South Wales. In the 1947-48 season two series of plots were planted, one from a group of varieties which had been sprout inoculated with leaf roll before planting the previous season, and one from a group of varieties which were sprout inoculated before planting. Twelve varieties were common to both series. At the same time plants of the same varieties not infected with leaf roll were planted in rows alternating with the infected ones. Plot arrangement and the method used for rating the size of plants were as described in Section II (c). Table 6 summarizes the grouping of the varieties from the first series in which the growth of plants from varieties infected with leaf roll for a season before planting was compared with the growth from varieties healthy at planting. The grouping was based on the third rating done when the plants were in flower. It can be seen from Table 6 that the ratio between the sizes of plants from infected and healthy setts tended to be medium to high in most of the varieties tested. Only 5 of the 26 varieties were classed as being markedly depressed in growth owing to leaf-roll infection. Masking of leaf-roll symptoms is most likely to occur in the group of varieties showing least growth depression. In the second series the 31 varieties which were sprout inoculated just prior to planting showed a less decided growth depression generally than the first series. The ratios of the sizes of plants from infected and healthy setts were all above 60 per cent. Six varieties had ratios between 60 and 70 per cent., 12 were between 75 and 85 per cent., and the rest were over 90 per cent. The Factor checks were all in this last group although the ratios of the 12 varieties common to both groups did not always have a consistent relation to their ratios in the first series. It is apparent that growth depression due to leaf roll is generally more marked in the second than in the first season after sprout infection. As stated previously, phloem necrosis tended to follow a similar pattern. Where estimates of the extent of phloem necrosis in stems were made in the first series the tendency was for those varieties with the greatest growth depression to have the highest percentage of necrotic phloem tissue.
In order to investigate the effect of relatively long-standing leaf-roll infections on the growth of varieties, size ratings were made on field-grown plants of the varieties Bismark, Brownell, Delaware, Factor, Katahdin, President, and Snowflake grown from setts infected with leaf roll for one season and four seasons respectively. These ratings were compared with those from plants of the same varieties grown from healthy setts. The results are given in Table 7 , and it can be seen that with Brownell, Factor, President, and Snowflake, setts infected with leaf roll for four seasons before planting gave plants with similar growth to setts infeGted for one season. With Bismark and Delaware and to a lesser extent with Katahdin, there was a significant decrease in growth from setls infected for four seasons compared with growth from setts infected for one season. It appears that under the conditions of these experiments, depression of growth due to leaf roll reaches an equilibrium in some varieties after one year's infection, whereas in other varieties loss of vigour tends to progress according to the number of years they have been infected. As shown later, Bismark tends to have a variable leaf-roll reaction, so that if mildly reacting instead of severely reacting lines had been used the results of this experiment in relation to this variety might have been different.
V. THE LEAF-ROLL REACTIONS OF SOME VARIETIES STATED TO BE FIELD RESISTANT TO THIS DISEASE
Immunity to leaf roll in a potato variety has not yet been discovered. None of the varieties tested during the course of the work reported in this paper has withstood infection with leaf roll by the sprout inoculation technique described in Section II (b). This indicates the lack of a clearly defined physiological resistance to leaf roll in existing potato varieties. It is only under the variable conditions of field infection that differences in the leaf-roll susceptibilities of varieties become apparent · (Loughnane 1941; Stevenson, Folsom, and Dykstra 1943; Locke 1948 ) and even in the field the indications are that heavy aphid infestations reduce differences in leaf-roll resistance between varieties (Whitehead and Currie 1931; Locke 1948) .
In Ireland, McKay and Clinch (1944) have shown the variety Skerry Champion to be highly resistant in the field to leaf roll, and in Australia, Bald, N orris, and Helson (1946) have described a similar type of resistance in the variety Bismark. Among common varieties, Arran Banner and Majestic (Loughnane 1941; Bawden and Kassanis 1946), Katahdin (Locke 1948) , and Epicure (Salaman 1926) have been shown to possess a relatively high field resistance. Cockerham has listed fo~ Whitehead, McIntosh, and Findlay (1945) the leaf-roll susceptibilities and reactions of 64 potato varieties. In this list Arran Crest, Champion, and International Kidney are classified as being "fairly resistant" and when infected as having "fairly severe" or severe symptoms. Among the susceptible or very susceptible varieties, Arran Signet and President are classified as having very severe symptoms when infected, while Great Scot and Up to Date are listed as having "fairly tolerant" reactions. It is apparent from the work quoted that potato varieties vary greatly not only in their susceptibilities to leaf roll but also in their reactions to it. The ideal variety in this respect would be one with a high resistance to initial infection together with a severe reaction once infection has been established. A severe reaction after infection is necessary to preclude the possibility of masking of leaf-roll symptoms.
As a preliminary to the initiation of a programme for the development of resistant hybrids, the leaf-roll reactions of some varieties which have been reported as resistant were investigated in order to assess their suitability as parents. Twenty-five tubers of Bismark, Epicure, and Skerry Champion and 12 each of Arran Crest, Arran Signet, Factor, and President, the latter 3 varieties being included as checks, were sprout inoculated with leaf-roll-infected aphids and then planted at the Dickson Experiment Station in the 1946-47 season. Before inoculation, the tubers were virus-free except for virus X in Skerry Champion and Arran Signet. Twenty-five virus-free and non-inoculated Bismark tubers were also included in the trial. At flowering, the Epicure, Skerry Champion, and Factor plants were vigorous, with indefinite leaf-roll symptoms. In contrast, the Arran Crest, Arran Signet, and President plants had severe leaf-roll symptoms. The reaction of the sprout-inoculated Bismark was interesting, as 17 of the plants were large and vigorous and appeared healthy while the other 8 were small, with severe leaf-roll symptoms. When basal stem sections were examined by the modified Sheffield technique, phloem necrosis varying in extent from 10 to 90 per cent. was found in all the Epicure, Arran Crest, Arran Signet, and President plants and also in the 8 Bismark plants with severe reactions. In comparison, no phloem necrosis was found in Skerry Champion while in Factor and the 17 vigorous Bismark plants it was either absent or present in amounts varying from 1 to 20 per cent. Of the 25 Bismark plants from uninoculated tubers, although all were large and vigorous, 8 had 10 to 20 per cent. phloem necrosis and 2 had traces, showing that a fair proportion of them had become field infected with leaf roll under the conditions of the experiment. The results from the sprout-inoculated series indicated a fairly close relationship between external symptoms and the internal reaction as measured by extent of phloem necrosis, although Epicure appeared to be a variety which could have a severe internal reaction together with relatively mild symptoms. Tuber samples were kept from all sprout-inoculated lines in the experiment and were later planted in the greenhouse.
The results in the greenhouse c;losely paralleled those previously obtained in the field. The plants 'of Arran Crest, Arran Signet, and President had both a severe external and a severe internal leaf-roll reaction, while Epicure had relatively mild symptoms but a uniformly high percentage of phloem necrosis, averaging 62 per cent. The Skerry Champion plants were fairly vigorous and could not be classified as having leaf roll. When basal stem sections were examined, all the Skerry Champion plants were found to have phloem necrosis which averaged 1 per cent. in extent. When the plants of this variety were allowed to regrow after cutting back, it was found that the regrowth had severe leaf-roll symptoms. Apparently the leaf-roll reaction in Skerry Champion is basically a mild one, but can be severe under lowered nutritional conditions. With Bismark the same variable leaf-roll reaction was evident among the tuber lines, so a second greenhouse planting was made two months later from the field samples followed by a further planting from them at the Dickson Experiment Station. Table 8 summarizes the results.
It can be seen from Table 8 that the variable leaf-roll response of Bismark tended to be retained as a clonal characteristic. Of the group with severe symptoms all maintained a high percentage of phloem necrosis, and only one line in the second greenhouse test and again in the second field trial was classed as having indefinite leaf-roll symptoms. Apparently this clonal line had unusual vigour which resulted in masking of symptoms in spite of a high percentage of phloem necrosis. Of the group with mild symptoms in Table 8 , 5 out of the 17 lines could be classed after the first greenhouse test as having severe symptoms externally and internally. This was substantiated in the second greenhouse test and the second field pl~mting. The remaining 12 lines of the mildly reacting , group had definite although not severe symptoms at both or one of the greenhouse plantings, whereas in the second field planting only 2 had definite leaf-roll symptoms. Of these 12 lines, 6 had 5 to 10 per cent. phloem necrosis in the first greenhouse test, while the rest had none. The 6 former lines again showed a low level of phloem necrosis in the second greenhouse planting while at the field planting 2 had a high percentage of phloem necrosis, 3 had 5 to 10 per cent., and 1 had a trace. Of the 6 which had no phloem necrosis in the first greenhouse test, 2 had 5 and 10 per cent. respectively in the second greenhouse test, while in the second field planting these 2 and 2 others had 2 to 5 per cent. phloem necrosis, the remaining 2 having a trace. When plants in the mildly reacting Bismark lines were examined for the presence of phloem necrosis, staining was sometimes indefinite in basal sections but clearly defined in mid-stem sections . . The apparent clonal reaction to leaf roll which occurred in the variety Bismark in these experiments is difficult to explain but has been confirmed under Tasmanian conditions by Wilson (1948) ". It may be owing to varying fiioil conditions some lines have developed an inherent physiological vigour which lasts for some time and causes masking and depression of symptoms for a few tuber generations. In addition, it is possible that Bismark is able in some way to separate out mild and severe strains from leaf roll. Whatever the explanation, it appears from these experiments that severely affected plants usually produce the same type of progeny while tolerant plants tend to produce tolerant progeny. It has been shown earlier in this paper that in Bismark lines severely affected with leaf roll a gradual reduction in vigour occurs from year to year in field plantings, while in the greenhouse, given the right nutritional conditions, such lines tend to give indefinite symptoms.
In a further greenhouse experiment during early summer, 30 leaf-roll-free tubers of Bismark and 24 of Skerry Champion were' sprout inoculated with leaf-roll-infected aphids and planted. Twenty-one days after emergence all the Bismark and Skerry Champion plants had definite leaf-roll symptoms, but in another month, although symptoms in the latter variety were fairly definite, only two Bismarks could be classed as having leaf roll, the rest having indefinite symptoms. Examination of the stem bases showed the presence of phloem necrosis in all the Skerry Champion plants, the average being 7 per cent. In the Bismark plants, 8 had no phloem necrosis, 12 had a low percentage, 5-15 per cent., and 10 had a high percentage, 40-60 per cent.
From these results it is apparent that varieties can have a stabilized or variable reaction to leaf roll. Varieties like President and Arran Signet with a stabilized and severe leaf-roll reaction are in direct contrast to a variety like Skerry Champion with a mild leaf-roll reaction. Bismark with a severe or mild leaf-roll reaction provides an example difficult to explain. It was considered that varieties with either a basically mild or variable leaf-roll reaction judged both externally and internally would not make good parents for the development of leaf-roll-resistant hybrids, as it was doubtful whether such reactions had a welldefined· genetic basis. Even if such reactions were transferred to progeny by breeding, it seemed probable that they would not lead to resistance. On the other hand, a stabilized and severe physiological reaction to leaf roll as found in varieties like Arran Signet and President would be likely to have a well-defined genetic basis. Although this has not resulted in resistance in these two varieties, it has resulted in a measure of resistance in the variety Arran Crest. As the potato is heterozygous genetically, it is conceivable that seedlings more sensitive to leaf roll than the varieties quoted could be developed. Such seedlings with extreme leaf-roll sensitivity may in the field localize the leaf-roll virus owing to a rapid and severe necrotic reaction in the phloem following feeding by infective aphids. If the virus were not localized it would be possible for the reactions of any tuber progeny to be almost lethal. A lethal reaction to leaf roll has already been described by Oortwijn Botjes (1947).
VI. PROBLEMS ASSOCIATED WITH THE DEVELOPMENT OF LEAF-ROLL-RESISTANT POTATO HYBRIDS
Up to the present the work done overseas on the development of leaf-rollresistant hybrids has not been particularly successful. Muller (1939) in Germany found it impossible to develop resistant hybrids and concentrated on the production of leaf-roIl-tolerant progeny. Cockerham (1943a) was unable to establish a clearly-defined genetic basis for resistance and Locke (1948) in the United States considered that progress towards the development of leaf-roIl-resistant varieties would continue to be slow and tedious until more was known about the nature of resistance. It is apparent from the work quoted and that presented in this paper that a new approach to leaf-rolll'esistance breeding is needed. As has been stated earlier, the possibility that leaf-roll sensitivity and resistance could be complementary factors needed investigation, as it provided a basis for work which might lead to more definite results. Over the last two years the Canberra work has aimed at evaluating the suitability of some varieties for the development of leaf-roll-sensitive hybrids and at finding the best means of measuring the relative sensitivities of any hybrids chosen. When a number of leaf-roIl-sensitive hybrids have been developed the next phase planned is to observe their reactions and susceptibilities to leaf roll under conditions of field infection for a period of years.
As some Bismark lines had been reported by Bald, Norris, and Helson (1946) . as possessing both leaf-roll.sensitivity and leaf-roll resistance, five crosses were made with this variety as one parent. At the same time Bismark was selfpollinated and a cross made between Snowflake and Katahdin for comparison. Snowflake is a variety which has a well-defined and fairly severe reaction to leaf roll both externally and in the phloem, and at the same time has a degree of resistance under field conditions. Katahdin has been described as being field resistant to leaf roll (Locke 1948) , and although it tends to exhibit masking of symptoms under fertile growing conditions, it usually has a fairly severe phloem reaction when infected. A tuber from each of the seedlings raised from the crosses and inbred was later sprout inoculated with infective aphids and planted in the greenhouse. At the flowering stage the seedlings were classified into three groups -severe, medium, and indefinite -according to the severity of their leafroll symptoms. Those with severe symptoms were stunted, with small, yellow, frequently rolled leaves often showing necrotic lesions and the development of anthocyanin. The seedlings with symptoms of medium intensity were almost normal in size, most of the leaves, especially those of the basal half of the plants; being rolled and having various amounts of interveinal yellowing. Seedlings in the group with indefinite or masked symptoms grew vigorously, rolling and interveinal mottling of leaves being almost entirely confined to the base of the plants. Some of the seedlings of this last group had no discernible leaf-roll symptoms. Table 9 summarizes the results, which indicate that the genes in Bismark conditioning sensitivity .to the leaf-roll virus tend to have a low frequency, as the number of severe reactors in the progenies of the crosses involving this variety are of a low order and even .its selfed progeny show no marked increase in the number of severe reactors. The severe reactions of a number of the inbred Bismark seedlings may have resulted from a decrease in vigour following inbreeding. It is interesting to note the absence of severe reactors in the cross between the leaf-roIl-tolerant Factor and Bismark. By comparison with the Bismark crosses, the highest percentage of severe and the lowest percentage of medium reactors were found among the progeny of the Snowflake-Katahdin cross. The percentage of mild or indefinite leaf-roll reactors in Table 9 did not vary greatly from cross to cross.
The tuber progeny of most of the seedlings shown in Table 9 were later grown on again in the greenhouse. With a few exceptions, the seedlings could again be classified in the same categories as previously. Half the seedlings with indefinite symptoIps in each cross were retained and side grafted with Katahdin scions containing leaf roll. The grafted plants were harvested and when the tubers from them were grown on again later in the greenhouse 75 per cent. of the resulting plants had mild or indefinite symptoms, the rest having sympt~ms of medium intensity. This proved that sprout inoculation had infected them initially and that they were not resistant to leaf roll but were tolerant reactors to this disease. Virus-free duplicate material of most of the seedlings shown in Table 9 to be severe leaf-roll reactors were sprout inoculated together with President, Arran Signet, and Factor checks and planted in the field at the Dickson Experiment Station. Five tubers of each seedling and 10 of each variety were planted and at flowering symptoms were noted and a basal stem sample from each plant was examined for the occurrence of phloem necrosis. The results from the Bismark crosses and inbreds were very variable, 60 per cent. of the lines having uniformly vigorous plants and the rest containing plants of variable vigour. Phloem necrosis showed a similar variation: no plant had more than 50 per cent. and in many it was absent. From these results it was difficult to classify any of the inbred or crossed Bismark seedlings definitely as severe or sensitive leaf-roll reactors. The Factor checks were all vigorous plants with amounts of phloem necrosis varying from traces up to 20 per cent. In contrast, all the President and Arran Signet plants were severely affected and had phloem necrosis which varied from 30 to 90 per cent. With only five exceptions, the seedlings from the Snowflake-Katahdin cross had uniform and definite reactions to leaf roll similar to that found in the Snowflake parent. Only 40 per cent. of these had a severe necrotic reaction in the phloem similar to that found in President and Arran Signet.
It was apparent from these results and those of Table 9 that Bismark and other varieties with a variable or mild reaction to leaf roll are unsuitable parents for the production of leaf-roIl-sensitive seedlings. With more suitable parents like Snowflake and Katahdin the' chances of obtaining seedlings with the combination of a severe external and internal reaction to leaf roll, as in President and Arran Signet, are greatly enhanced.
Following the results from the Snowflake-Katahdin cross and owing to the heterozygous nature of the potato it was considered unnecessary to introduce Arran Signet and President into crosses in order to develop seedlings with extreme leaf-roll. sensitivity, for with proper methods of evaluation such seedlings would be found among existing progenies bred for other purposes at Canberra. Accordingly 155 seedlings were selected at random from 8 complex crossbred progenies involving a wide range of varieties as parents. The seedlings were sprout inoculated in the spring of the 1947-48 season, and then planted at the Dickson Experiment Station. At flowering it was impossible, because of a severe attack of early blight (Alternaria solani), to classify the seedlings on their external symptoms. Basal stem sections were examined for the occurrence of phloem necrosis and according to the amount present the seedlings were grouped in Table 10 into three classes: severe, mild, and non-necrotic. Seedlings intermediate between the severe and mild classes were added to the more appropriate class. Tuber samples were kept from the 19 seedlings with a severe necrotic reaction in the phloem. Table 10 shows that the percentage of severe phloem reactors among the various progenies is of a low order and that the highest percentages of seedlings occurred in the mild phloem necrotic group. In order to find whether any of the seedlings in the severe group of Table 10 had extreme sensitivity to leaf roll, 3 tubers of each seedling from the field samples were planted in the greenhouse in the winter. Eight weeks from emergence it was found that the results from the 3 tubers of each seedling were in agreement and that 4 of the seedlings had indefinite symptoms (Plate 2, Fig. 1 ),4 had medium but well-defined symptoms (Plate 2, Fig. 2 ), 5 had severe symptoms (Plate 2, Fig. 3 ), 3 developed into small weak plants (Plate 2, Fig. 4) , and 3 did not emerge at all. When the 3 tubers of each of the 3 seedlings which did not emerge were dug up it was found that very small, browned "hair" sprouts incapabl~ of forming plants had developed at some of the "eyes." When these tubers were sectioned the whole of the vascular tissue was found to be brown and necrotic. Basal stem sections of all of the plants with well-developed stems in the groups with indefinite, medium, and severe symptoms were examined for phloem necrosis, which was found to vary from 30 to 70 per cent., those with the severe symptoms having the highest percentage. Two of the seedlings with indefinite leaf-roll symptoms had 70 per cent. phloem necrosis.
These results made it probable that extreme sensitivity to leaf roll could be developed and that a few seedlings among most progenies had the requisite physiological reactions. It seemed that a rapid and severe leaf-roll reaction, both external and internal, following sprout inoculation, was a desirable basis for the selection of. seedlings for further work on this aspect. In order to select additional seedlings for the work on leaf-roll sensitivity, tubers of a further 53 which had been selected in the field because of good agronomic characters were sprout inoculated and planted in duplicate in the greenhouse in the early summer of 1948. A month from emergence the seedlings were classified into severe, medium, and indefinite groups according to the intensity of their external symptoms, and then basal stem sections of each were examined for the occurrence of phloem necrosis. Table 11 summarizes the results obtained in this experiment. Table 11 shows a correlation between external and internal leaf-roll symptoms, owing, no doubt, to the more standardized conditions in the greenhouse. As with Tables 9 and 10, the tendency in Table 11 is for the highest percentage of seedlings to have a light to medium leaf-roll reaction. Only the 4 seedlings giving severe external symptoms together with 60 to 80 per cent. of phloem necrosis have been retained for crossing and further experiment. It is apparent that unless large progenies are investigated, the number of seedlings with the necessary physiological reaction to leaf roll will be limited. In the studies described, limitation of seedlings for leaf-roll sensitivity studies was considerable, as only seedlings with resistance to two other viruses and with desirable agronomic characters were considered. This ensures that when seedlings with leaf-roll sensitivity and perhaps with field resistance to this disease are developed, they will possess some of the other important attributes desired.
VII. DISCUSSION Owing to a lack of suitable indicator plants and well-defined methods of diagnosis, the general relationship between the leaf-roll virus and the potato plant is not as well known as that existing between this host and some of the other viruses. As a result, the problem of field resistance of the potato to leaf roll has not been resolved. It is hoped that a study of phloem necrosis, both qualitatively and quantitatively, together with the employment of recently described indicator plants (Kirkpatrick 1948) , will facilitate the development of leaf-roIl-resistant potato hybrids. Although indicator plants like Physalis angulata do not always become easily infected with leaf roll by aphid transmission, stem sections of affected plants show extensive necrosis of the phloem when stained by the phloroglucinol-acid technique. If leaf-roll strains exist, as suggested by the results with the variety Bismark, this phloem reaction in an indicator plant could be useful in distinguishing such strains in varieties and hybrids. The problem of leaf-roll resistance would be complicated considerably if the existence of strains of the virus were proven. In addition, the results presented in this paper could lose some of their significance, whilst some of the inconsistencies would be explained. Until more is known about the leaf-roll virus itself, the selection from hybrid potato progenies of the severe reactors as described seems to offer the best solution to the resistance problem. Severe reactors, both internally and externally, appear to have comparative stability of response to leaf roll under varying environmental conditions. Results to date have encouraged the view that it should be possible to develop almost hypersensitive hybrids. The problem of linking sensitivity with field resistance should not be difficult, as varieties like Arran Crest with this type of combination are already in existence. Even if hypersensitivity to the leaf-roll virus is not achieved, a proportion of the new leaf-roIl-sensitive varieties developed will have as great a degree of field resistance as' existing varieties, but will cause few difficulties in certification schemes as masking of symptoms will rarely occur under field conditions. VIII. ACKNOWLEDGMENTS The work described in this paper was carried out as part of the research programme of the Vegetable Section, Division of Plant Industry, C.S.I.R.O. Mr. A. R. Peak has rendered valuable technical assistance throughout the project and Mr. J. B. Pomeroy was responsible for the photographic work. Mr. G.
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